Combined gas chromatography-mass spectrometry of malic acid derivatives has been used to show unequivocally that malic acid, synthesized during active acid accumulation in the dark by Kalanchoe daigremontiana Hammet et Perrier in the presence of '3CO2 iS produced by a pathway involving a single carboxylation. The significance of the finding that crassulacean malate synthesized in the dark and in the presence of "CO, often contains 66% of the total carboxyl label in carbon atom 4, which has previously been taken to indicate the operation of a double carboxylation pathway or has been dismissed as an artefact, is discussed.
It has been frequently found that malic acid, synthesized in the dark from "CO2 by plant tissues which exhibit crassulacean acid metabolism, contains approximately 66% of the total carboxyl label in C-4 and 33% in C-1 (2, 3, 5, 7) . Bradbeer et al. (2) suggested that this labeling pattern could be accounted for if the synthesis of malic acid involved a sequential double carboxylation (Fig. 1 ). According to this scheme ribulose-diP is the primary CO2 acceptor and if labeled CO2 is utilized, a mixture of two species of 3-P-glycerate molecules, one labeled in the carboxyl carbon and one unlabeled, are produced. These molecules are converted to P-enolpyruvate which, under the influence of P-enolpyruvate carboxylase, undergoes a second carboxylation. Reduction of the resulting oxaloacetate produces two species of malic acid molecules-one synthesized from the unlabeled 3-P-glycerate and labeled only in carboxyl C-4 and the other produced from the labeled 3-P-glycerate and labeled in both carboxyl groups probably consumed in the early stages of the incubation period and subsequent synthesis of malic acid may have been supported by unlabeled CO2 of respiratory origin. The restricted amount of acid accumulated under such conditions would tend to favor the transfer of label from C-4 to C-1. It is possible to envisage experiments using very small amounts of "'CO2 which, even though the double carboxylation pathway were operating, would result in the synthesis of malate more or less exclusively labeled in C-4 and in which relatively rapid transfer of label from C-4 to C-1 would be favored. It is difficult to evaluate the work of Sutton and Osmond in relation to the validity of the double carboxylation hypothesis. Sutton and Osmond also suggest that the characteristic labeling pattern observed by the earlier workers was an artifact of the malic acid degradation technique used. However, rigorous testing of the method by the use of specifically labeled malic acids had previously shown it to be satisfactory (3).
None of the evidence discussed so far allows distinction to be made between malate synthesis involving (a) single carboxylation followed by transfer of C-4 label to carboxyl 1 or (b) double carboxylation followed by transfer of C-4 label to C-I.
The present paper describes a new approach to the problem which can unequivocally determine the contribution of the double carboxylation pathway to the synthesis of crassulacean malate. The method used depends upon the fact (Fig. 1) CO2 Feeding. Samples of leaf material (20 g) were enclosed in 1-liter flasks from which light was excluded. The flasks were evacuated, and CO2, generated by the action of 50% lactic acid on 434 mg BaCO3, was flushed into the flask with CO2-free air. In the VCO2 feeding experiment the CO2 was generated from 87.6% l'C-enriched BaCO3 and in the control experiment from BaCOs containing the normal atmospheric distribution of carbon isotopes. The flasks were incubated for 12 hr at 15 C after which the leaf material was killed by immersion in boiling water.
Extraction and Purification of Malic Acid. The leaf material was boiled for 20 min, then titrated to the phenolphthalein end point with 0.1 N NaOH. The leaf material was removed, and the extract was reduced in volume by boiling, then passed through a Dowex 50 column (2 X 20 cm) in the hydrogen form. The column eluate was titrated to the phenolphthalein end point with 0.1 N NaOH then reduced in volume in a rotary film evaporator. A volume equivalent to 10 g fresh weight was then run onto a 20 X 0.5 cm column of Dowex 1 X 10 formate (200-400 mesh). The column was eluted with a 0 to 6 M gradient of formic acid, and the fractions containing malic acid were collected and taken to dryness in a stream of air at 40 C. The purified malate was stored in a desiccator and its identity confirmed by gas chromatography of methyl or trimethylsilyl derivatives.
Preparation of Derivatives. Dimethylmalate ester was prepared from a solution containing up to 10 mg of malic acid in 10 ml of dichloromethane-methanol (8:2 v/v) by the action of diazomethane. The diazomethane was generated by the addition of about 150 mg of N-methyl-N-nitrosotoluene-4-sulfonamide dissolved in 2 ml of dichloromethane to a tube containing a mixture of 2 ml of 2-(2-ethoxyethoxy)ethanol and 2 ml of 40% KOH. The reagents were mixed by a gentle stream of dichloromethane-saturated N2 which also served to transfer the diazomethane to the tube containing the malate solution. The solution of the dimethylmalate so produced was reduced in volume by a stream of N2 to about 0.5 ml and was stored in a desiccator at room temperature. The trimethylsilyl derivative was prepared immediately before use by warming to 60 C up to 10 mg of malic acid in 1 ml of bis-trimethylsilylacetamide.
Gas Chromatography. Dimethylmalate was chromatographed isothermally at 180 C using 150 cm columns packed with 2.5% OV-17 on Gas Chrom Q. The carrier gas was N2 (flow rate 50 ml/min) and a flame ionization detector was used. The trimethylsilyl ether was chromatographed isothermally at 100 C using 150 cm columns packed with 3% E52 silicone gum on silanated diatomite. A flame ionization detector was used and the N2 carrier gas flow rate was 50 ml/ min.
Gas Chromatography-Mass Spectrometry. The relative amounts of singly and doubly labeled malic acid synthesized as a result of supplying the plant material with "3CO2 were calculated by the method of Biemann (1) from data obtained by combined gas chromatography-mass spectrometry of 12C-labeled and control malate. The combined gas chromatography-mass spectrometry was carried out by the PhysicoChemical Measurements Unit, Harwell, England. Calculations were made using measurements of the m/e 113, 114, and 115 peaks in the spectrum of the dimethylmalate which are formed by the loss of the elements of water and a methoxy group. In the case of the trimethylsilyl ether, measurements were made on the m/e 350, 351, 352 peaks which result from the loss of a methyl group from one of the trimethylsilyl groups.
RESULTS
The acid content of both the control and the "3CO2 fed leaf material increased from 0.038 to 0.106 meq/g fresh weight during the dark incubation period. 
DISCUSSION
Since only malate containing a single 13C atom was synthesized by crassulacean tissues actively producing and accumulating acid, it seems that the synthesis of malic acid in crassulacean acid metabolism involves a single carboxylation reaction and the double carboxylation pathway plays no significant part. We are left, however, without an explanation for the 66%/33% labeling pattern which is often a feature of malic acid accumulated by plant tissues which exhibit crassulacean acid metabolism. One possibility is that during the time taken for malic acid to travel from its site of synthesis to a storage site, it is subject to carboxyl label equilibration and, further, that under most experimental conditions the amount of equilibration occurring in this time period results in the transfer of about one-third of the carbon originally in C-4. to C-1. The frequency with which the characteristic labeling pattern has been observed and its stability in long term experiments can be accounted for in terms of a probable exponential relationship between degree of carboxyl equilibration and time of incubation and also on the basis of a decreased susceptibility of malate to equilibration at the storage site.
